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Abstract 

In 2005, the ANTARES Collaboration deployed and operated at a depth of 2500 m 
a so-called Mini Instrumentation Line equipped with Optical Modules (MILOM) 
at the ANTARES site. The various data acquired during the continuous operation 
from April to December 2005 of the MILOM confirm the satisfactory performance of 
the Optical Modules, their front-end electronics and readout system, as well as the 
calibration devices of the detector. The in-situ measurement of the Optical Module 
time response yields a resolution better than 0.5 ns. The performance of the acous- 
tic positioning system, which enables the spatial reconstruction of the ANTARES 
detector with a precision of about 10 cm, is verified. These results demonstrate that 
with the full ANTARES neutrino telescope the design angular resolution of better 
than 0.3° can be realistically achieved. 



1 Introduction 

The ANTARES Collaboration is building a large underwater neutrino tele- 
scope located at a depth of 2500 m in the Mediterranean Sea, offshore from 
Toulon in France [1]. The experiment aims to detect neutrinos with ener- 
gies above 10 GeV by means of the Cherenkov light emitted in sea water 
by charged particles produced in neutrino interactions with the surrounding 
medium. Photons are recorded by a lattice of Optical Modules [2], consisting 
of 10" hemispherical photomultiplier tubes [3] housed in pressure resistant 
glass spheres, installed along a set of mooring lines. The ANTARES detector 
will consist of 12 lines of 25 storeys, each storey being equipped with a triplet 
of Optical Modules and an electronic container mounted on a titanium frame, 
giving thus a grand total of 900 OMs. Some storeys also support a hydrophone 
for acoustic positioning or an LED Optical Beacon used for time calibration. 
Every line is individually connected to a Junction Box by an interconnecting 
cable of a few hundred metres long, laid down on the sea bed. The Junc- 
tion Box is itself linked to the shore station by a 40 km long electro-optical 
cable equipped with 48 optical fibres. Details of the ANTARES detector ar- 
chitecture, components and calibration devices will be found in forthcoming 
publications. The installation of the 12 lines of the detector has started in 
February 2006 with completion expected in 2007. 

In Spring 2003, two prototype lines, the Prototype Sector Line (PSL) equipped 
with 15 Optical Modules (OMs) and the Mini Instrumentation Line (MIL) 
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hosting calibration and environmental measurement devices, were deployed, 
connected and operated for a few months at the ANTARES site. This opera- 
tion allowed a demonstration of the main aspects of the design of the detector 
and measurements of the background counting rates in the OMs, due to bi- 
oluminescence and 40 K decays, over a period of about four months [4]. After 
the experience of the PSL and MIL lines, significant changes were made to 
the detector design. In parallel to the launching of the mass production of all 
detector elements, the ANTARES Collaboration built a new version of the 
Mini Instrumentation Line based on the final design of all electronics and me- 
chanics. This line, which also includes an extra storey with three OMs, has 
been named the MILOM. The main objective of the MILOM operation is to 
provide an in-situ check of the modified detector elements and a validation of 
the performance of the time calibration and the acoustic positioning devices. 
It was also an excellent opportunity to validate the tools and procedures used 
during the integration and deployment of a line before their application to 
the first complete ANTARES detector line. Furthermore, the MILOM houses 
environmental instruments needed for the calibration of the detector and the 
monitoring of the water physical properties. 

Completed in December 2004, the MILOM line was deployed on the ANTARES 
site [5,6], located at 42°48'N-6°10'E, in March 2005 and connected to the 
existing Junction Box with the Remote Operated Vehicle (ROV) Victor of 
IFREMER in April 2005. It has been operating since then with almost per- 
manent shift crews from the ANTARES shore station located in La Seyne- 
sur-Mer. This paper highlights the main results obtained from the MILOM 
operation in 2005, in particular the analysis of the Optical Module signals and 
of the calibration device data. 



2 The MILOM line 



As shown in figure 1, the MILOM consists of an instrumented releasable an- 
chor, the Bottom String Socket (BSS), and of three storeys located respectively 
at 100 m, 117 m and 169 m above the sea bed (the inter-storey spacings in- 
dicated in figure 1 correspond to the cable lengths). The line is maintained in 
an almost vertical position by two buoys located at the top. 

The MILOM is equipped with four Optical Modules: a triplet of OMs on 
the second storey, as for a standard ANTARES optical line storey, and a 
single additional OM fixed on the top storey. The line also supports three 
intense light sources used mainly for the OM timing calibration: the Laser 
Beacon located on the BSS and two LED Optical Beacons attached to the 
bottom and top storey, respectively. In order to allow the reconstruction of 
the line shape geometry, the MILOM is equipped with biaxial tiltmeters and 
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Fig. 1. Layout of the MILOM line. 



compasses located in the electronics container of every storey, and with two 
acoustic positioning modules: an emission/reception (RxTx) module with its 
transducer on the BSS and a reception (Rx) module with its hydrophone 
on the bottom storey. In addition, the MILOM hosts various environmental 
devices: an acoustic current profiler 1 monitors the intensity and direction of 
the underwater flow; a sound velocimeter 2 records the local value of the sound 



1 300 kHz direct reading ADCP Workhorse Monitor from Teledyne RD Instru- 
ments, http:/ /www. rdinstruments.com/monitor. html 

2 Sound velocimeter Ref QUUX-3A(A) from Genisea/ECA, 
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velocity; a CT probe 3 measures the conductivity and temperature of the sea 
water; a transmission meter 4 monitors the light attenuation of the water; a 
Spy Hydrophone records the acoustic activity from the positioning beacons, 
surface or biological noise; and a broadband seismometer 5 installed in the sea 
bed sediment 50 m away from the MILOM anchor which monitors the seismic 
activity at the site. Finally, the MILOM BSS is equipped with two releasable 
autonomous transponders 6 which enable the monitoring of the line anchor 
position during its deployment and allow the release of the BSS from its dead 
weight in order to recover the line. 

All instruments deliver their data in real time and can be remotely controlled 
from the ANTARES shore station through a Gb Ethernet network. Every 
storey is equipped with a Local Control Module (LCM) which contains the 
electronics boards for the OM signal processing, the instrument readout, the 
acoustic positioning, the power system and the data transmission. On the 
middle storey, the Master Local Control Module (MLCM) also contains an 
Ethernet switch board, which multiplexes the data acquisition (DAQ) channels 
from the other storeys. At the bottom of the line, the BSS is equipped with 
a String Control Module (SCM) which contains the local readout and DAQ 
electronics, as well as the power system for the whole line. Finally, both MCLM 
and SCM include a Dense Wavelength Division Multiplexing system used for 
data transmission in order to merge several lGb/s Ethernet channels on the 
same pair of optical fibres by using different laser wavelengths. Although a 
local trigger requiring time coincidences between OMs of the same storey 
can be activated in each LCM, most of the time the large bandwidth of the 
DAQ system allows the transmission of all recorded OM signals to shore. A 
dedicated computer farm can then perform a global selection of the OM hits 
of the interesting physics events from the data recorded by the whole detector. 

While the recording of the OM signals and instrument data of the MILOM 
started immediately after its connection, the first months of operation have 
been dedicated to online software development and tuning of the detector 
settings. The smooth data taking of the MILOM started in September 2005. 



http:/ /perso. wanadoo.fr/genisea/sound_velocimeter. htm 



MicroCAT C-T sensor SBE 37-SI from Sea Bird Electronics, 



http: / /www. seabird.com/products/spec_sheets/37sidata.htm 

4 C-Star transmissiometer from WET Labs, 
http: / / www.wetlabs.com/products / cstar / cstar.htm 

5 Triaxial broadband seismometer CMG-3T from Giiralp Systems, 
http:/ /www. guralp.net/products/ 

b Acoustic releasable transponder RT661B2T from IXSEA, 
http: / / www.ixsea.com/php / contenu /en/ p-oceano_ocean.php 
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Fig. 2. Sketch of the ANTARES Optical Module (for a complete description, see 
ref [2]). 

3 The Optical Module data 

The ANTARES Optical Module consists of a 10" Hamamatsu photomultiplier 
tube (PMT) housed in a pressure resistant glass sphere (see figure 2). The 900 
PMTs foreseen for the ANTARES detector have been selected and fully char- 
acterized to work with a threshold below the single photo-electron level with 
a mean transit time spread (TTS) of a ~ 1.3 ns (FWHM ~ 3.0 ns) [3]. The 
PMT signal is processed by the Analogue Ring Sampler (ARS) ASIC which 
measures the arrival time and charge of the pulse [7]. Only this information is 
sent to shore in the case where it is compatible with a single photo-electron 
(SPE) pulse, while the ARS can perform a full digitisation of the PMT signal 
for larger amplitudes. In order to minimize the dead time, every OM is read 
out by a pair of ARS chips which treat the signal alternately according to a 
token ring protocol. 

During normal operation, the PMT high voltage is set so as to obtain a gain 
of 5 x 10 7 leading to a SPE signal amplitude of about 45 mV. The readout 
trigger threshold of the ARS is set to ~ 0.5 photo-electrons. Figure 3 shows 
an example of the counting rates recorded by the three OMs located on the 
MILOM second storey over a period of 120 seconds. The counting rates ex- 
hibit a baseline largely dominated by optical background due to 40 K decays 
and bioluminescence coming from bacteria, as well as bursts of a few seconds 
duration produced by bioluminescent emission of macro-organisms [8]. The 
fourth OM located on the top storey has not worked since the beginning of 
the MILOM operation because it shares its power supply with a faulty Optical 
Beacon placed on that same storey. A visual survey of the MILOM line with 
the ROV Victor revealed that this Optical Beacon is full of water due to a 
leak. 
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Fig. 3. Example of counting rates for the three OMs located on the second storey 
of the MILOM over a period of 120 seconds. 

For each OM, the baseline rate is defined as the average of the minimum 
counting rate during periods of 15 minutes. Figure 4 shows the summary of 
the baseline rates extracted from the data recorded by the three OMs for a 
period of three months during Autumn 2005. The variability of the biolumi- 
nescence component of the baseline, already observed during the operation 
of the Prototype Sector Line in 2003, is confirmed by the present data. The 
baseline counting rates decrease from 80-90 kHz in mid-September to about 
60 kHz in November 2005. Figures 3 and 4 also clearly reveal that the counting 
rate of one Optical Module (OM1) is systematically larger by about 15% with 
respect to the other two. This difference is attributed to a lower threshold 
value of the PMT. 
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Fig. 4. Baseline rates for the three OMs during Autumn 2005. 
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Fig. 5. Distributions of time differences between hits registered by the three OM 
pairs. The solid lines are fits of a Gaussian and a constant background to these 
distributions used to extract the 40 K coincidence rates. 

Time coincidences between signals of OM pairs have also been studied. Fig- 
ure 5 shows typical distributions of the time delay between signals from the 
three possible combinations. The distributions show peaks due to 40 K ra- 
dioactive decays producing two detected photons, superimposed upon a flat 
background of random coincidences. The genuine 40 K coincidence rates ob- 
tained from fits to these distributions are 13.0 ±0.5 Hz for the OM1-OM2 and 
OM1-OM3 pairs and 10.5 ± 0.4 Hz for the OM2-OM3 pair. These results are 
found to be stable within the statistical errors over a period of four months. 
The measured rates are in good agreement with a simulation of the signals 
induced by 40 K decays which leads to a coincidence rate of 12 Hz with a 4 Hz 
systematic error due to uncertainties in the effective area and angular response 
of the OMs. These measurements also confirm that the larger counting rate 
observed with OM1 is not due to noise in its front-end electronics. 

As mentioned previously, the ARS has also the capability to perform a full 
waveform sampling (WF) of the OM signal in addition to the charge mea- 
surement of the PMT pulse and its arrival time. Although this functionality 
is mainly used to record double pulses or large amplitude signals, it is useful 
to cross-check the computation of the SPE charge by the integrator circuit of 
the ARS. In WF mode, 128 digitisations of the OM anode signal are provided, 
at a sampling rate of 640 MHz. In order to obtain a precise time stamping 
of the WF data, a synchronous sampling of the 50 MHz internal ARS clock 
is also performed and read out in addition to the OM data. An example of a 
WF record is shown in figure 6 (left). Figure 6 (middle) displays the charge 
distribution of the OM signals obtained by integrating the WF samples af- 
ter baseline subtraction. The single photo-electron peak is clearly identified 
well above the electronics noise. Figure 6 (right) also shows as a comparison 
the charge distribution measured by the Analogue-to- Voltage converter (AVC) 
circuit of the ARS. 

The stability of the measurements of the signal charge obtained with the 
integrator circuit of the ARS is shown in figure 7. This figure displays the 
variation of the mean charge measured by every ARS AVC circuit as a function 
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Fig. 6. Example of a waveform sampling of an OM signal (left). Charge distribution 
of the PMT signal obtained by integrating the WF samples (middle) and measured 
by the AVC circuit of the ARS (right). 
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Fig. 7. Variation of the mean charge measured by the Analogue-to- Voltage converter 
(AVC) of every ARS as a function of time for the three OMs. The normalised 
mean charge is computed as the ratio between the daily mean value of the charge 
distribution and the mean value of their first measurement appearing in the plot. 



of time for the three OMs. The normalised mean charge is computed as the 
ratio between the daily mean value of the charge distribution and the mean 
value of their first measurement appearing in the plot. This figure is obtained 
from the analysis of minimum bias data largely dominated by SPE events. As 
can be seen in figure 7, the charge distributions remain stable within ±1% for 
all ARSs during more than two months of monitoring. This indicates that the 
PMT gain, the trigger threshold and the charge integrators did not fluctuate 
by more than a few percent during that period. 
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4 Optical Module timing precision 



The ANTARES neutrino telescope is designed to have an angular resolution 
of less than 0.3° for neutrino energies in excess of 10 TeV, which relies on good 
positioning accuracy (see section 5) and good timing resolution of the signals 
recorded by the Optical Modules. The specification for the timing resolution 
is such that it should be limited by the transit time spread of the PMTs which 
have a ~ 1.3 ns and by the effect of scattering and chromatic dispersion of 
the light during its transmission in water, which will contribute with a similar 
amount to the time uncertainty. To achieve this specification, all electronics 
and calibration systems are required to contribute less than 0.5 ns to the 
overall timing resolution. 





Fig. 8. Distribution of signal arrival times in the Optical Module (Tl) with reference 
to the time of the LED Optical Beacon flash (TO). The measurement obtained by 
every ARS readout channel of the OM triplet is shown. Each distribution has been 
centered to by subtracting its mean value before the fit of a Gaussian function. 
The resulting resolution value (cr) is indicated in each panel. 

The complete timing resolution of the Optical Modules has been measured 
with the MILOM using the LED Optical Beacon system. As indicated in fig- 
ure 1, an LED beacon is located in the bottom storey underneath the OM 
triplet of the second storey at a distance of about 15 metres. This beacon 
contains 36 individual blue LEDs (A = 470 nm, dominant wavelength) syn- 
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chronised in time and arranged to give a quasi-isotropic light emission. A small 
PMT internal to the LED beacon monitors the output light pulse timing and 
amplitude and provides the time reference of the light flash. 

The measurement of the OM timing resolution is performed by pulsing the 
LED beacon at a frequency of 30 Hz. Figure 8 shows the distribution of signal 
arrival times in the three OMs relative to the reference PMT in the LED Bea- 
con. For every OM, the measurement obtained by both ARS readout channels 
are shown, since every front-end chip can potentially induce a different intrin- 
sic electronics contribution to the timing. In the time distribution shown in 
figure 8, the contribution of the small PMT inside the LED beacon is small 
since it has a fast rise time of 0.8 ns, and so the measurement is dominated by 
the OM contribution. As can be seen from the distributions shown in figure 8, 
the timing resolution of all Optical Module readout channels is measured to be 
a ~ 0.4 ns. This resolution is however obtained for large intensity light pulses 
and so is not dominated by the PMT transit time spread but by the intrinsic 
electronics resolution. A detailed analysis of the dependence of timing resolu- 
tion on light intensity is required to separate the various contributions, but 
this result already shows that the complete electronics contribution is smaller 
than 0.5 ns as required. 
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Fig. 9. Mean values of the arrival times of the OM signals induced by an internal 
LED flash with respect to the time of the flash. The mean time is displayed with 
reference to the start of the Time-to- Voltage converter (TVC) of the ARS. The plot 
displays the measurements obtained for the three OMs over a six month period. 
For every OM, the data points display the average value measured by its two ARS 
channels. 

Every Optical Module also contains an internal blue LED in order to monitor 
the stability of the photomultiplier tube. This LED is mounted on the back of 
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the PMT, as shown in figure 2, and illuminates a large fraction of the photo- 
cathode through the phototube. The transit time of the PMT is monitored by 
flashing the internal LED at a rate of about 100 Hz and by looking at the OM 
signal arrival time with respect to the time of the LED flash. Figure 9 shows 
the average values of these delays for each of the three OMs as a function 
of time. The results confirm that the transit time of each OM has remained 
stable to within 0.5 ns, throughout the six month period considered. 



5 Acoustic positioning system resolution 

The second essential element to achieve the necessary angular resolution of 
the neutrino telescope is a real time measurement of the position in space of 
the Optical Modules with a precision of ~ 10 cm. These positions are ob- 
tained by triangulation using distance measurements provided by the acoustic 
positioning system. The full acoustic positioning system will consist of a three 
dimensional array of emitting transducers (RxTx modules) fixed in known 
positions on the sea bed, together with receiving hydrophones (Rx modules) 
attached on several storeys along every detector line. These devices exchange 
precisely timed acoustic signals in the 40-60 kHz frequency range. In addition, 
the acoustic system includes four autonomous transponders which emit an 
acoustic "ping" at a precisely given frequency in response to a special interro- 
gation by one RxTx module. These transponders will be located around the 
ANTARES detector in order to enlarge and make more uniform the geometry 
of the triangulation basis. At the present time, only a limited number of acous- 
tic devices are installed at the site: one RxTx module on the MILOM anchor 
and one Rx module on its first storey. A first autonomous transponder has 
also been installed at the ANTARES site, its transducer being fixed at about 
4 m above the sea bed on top of a pole supported by a pyramidal structure 
at a horizontal distance of ~ 175 m from the MILOM anchor. 

Although the limited number of installed acoustic emitters does not allow 
the triangulation reconstruction, the MILOM operation demonstrates the res- 
olution and the stability of the acoustic system by monitoring the distance 
measured between two fixed points. This is illustrated in figure 10 which dis- 
plays the acoustic distance measured between the RxTx transducer attached 
on the MILOM anchor and the autonomous transponder. The acoustic system 
measurements show a resolution of a few mm and a stability of ~ 1 cm over a 
distance of 174.91 m, during two months of operation. The absolute distance 
obtained by this system is well in agreement with the value of 175.6 m obtained 
with the long base line acoustic navigation system used onboard the surface 
boat during the marine operation to monitor the deployment and installation 
of the lines. This navigation system, based on 10 kHz range acoustic signal 
exchanges, allows range measurements of several thousands of metres with an 
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Fig. 10. Distance measured by the acoustic positioning system between the RxTx 
module and the autonomous transponder, both being fixed a few metres above the 
sea bed. The measurement is displayed as a function of time, during two months of 
operation. 

accuracy limited to ~ 1 m. With the MILOM operation, the performance of 
the acoustic positioning system is confirmed to be well within the specification 
required to obtain a precision of ~ 10 cm on the spatial reconstruction. 



6 Examples of instrumentation measurements 



In parallel to the Optical Module data taking and to the operation of the 
calibration devices, the various instruments of the MILOM dedicated to en- 
vironmental measurements have been regularly read out. This has allowed 
a continuous monitoring of some physical quantities of the sea water at the 
ANTARES site which might have an influence on the calibration of the detec- 
tor or on the bioluminescence background: the water current flow; the water 
temperature; the sound velocity and the water transparency. As an example, 
the measured water current velocity recorded by the Doppler current profiler 
located on the MILOM top storey is displayed in figure 11, as a function of 
time over a period of eight months. These measurements confirm that the wa- 
ter current usually remains small at the ANTARES site, with a velocity not 
exceeding 20 cm/s and with an average speed of ~ 5 cm/s. 

Figure 12 shows the individual headings of the three storeys of the line mea- 
sured by the compass in each electronics container, as a function of time for 
the same period. Although each storey has its own relative orientation due 
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Fig. 11. Velocity of the water current flow measured by the Doppler current profiler, 
ELS £1 function of time over a period of eight months. 

to the uncontrolled alignment in construction, the rotation changes affect, in 
general, the whole line. As expected, the top storey shows a larger rotation 
amplitude than the others. The measurements also indicate that the two lower 
storeys, separated by a shorter cable of 12.5 m, tend to remain at a constant 
orientation with respect to each other. Some correlation between the storey 
rotations and the water direction changes can also be noticed, especially when 
the current velocity is large as during the first days of November 2005. 
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Fig. 12. Individual headings of the three MILOM storeys, measured by the compass 
included in every electronics container, as a function of time during two months of 
monitoring. 



The seismometer read out by the MILOM has been delivering continuous 
data to the ANTARES shore station. It provided clear signals from several 
earthquakes around the world, such as the one in Japan on August 30 th 2005 
and in Peru on September 24 th 2005. Further analyses of the seismometer data 
are in progress. 
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7 Conclusions 



Since April 2005, the ANTARES Collaboration has been operating a Mini 
Instrumentation Line equipped with Optical Modules immersed at a depth of 
2500 m on the ANTARES site. The main purpose of this line, built with pre- 
production elements of the detector, was to allow an in-situ check of all the 
equipment and in particular to validate the performance of the time calibration 
and acoustic positioning devices. 

The various data regularly acquired during the MILOM operation confirm the 
capability of the Optical Modules and of its front-end electronics to trigger 
and read out single photo-electron signals. The continuous data collection 
from the OMs and the MILOM instruments during several months validate 
the whole electronics and the DAQ readout system designed for the detector. 
The operation of the light source calibration devices, such as the LED Optical 
Beacon or the OM internal LED, shows that a time calibration of all Optical 
Modules can be achieved in-situ with an accuracy better than 0.5 ns. The 
results yield an electronics contribution to the OM timing resolution smaller 
than 0.5 ns, as required. Finally, the operation of the acoustic positioning 
system shows that its performance is well within the specification required 
to achieve a space resolution of ~ 10 cm. All these results confirm the good 
performance of the electronics and calibration devices as required to obtain the 
desired angular resolution of the detector. The experience with the MILOM 
gives confidence for the operation of the first complete lines of the ANTARES 
neutrino telescope, the deployment of which has started in early 2006. 
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